On-chip droplet enhanced fluorescence emission for low concentration protein measurement is presented in this paper. The system includes T-junction of microchannel for micro-droplet generation and two integrated optical fibers for excitation laser input and fluorescence detection. The excitation light is confined in the droplet by total internal reflection to increase the optical path length, which enhances the fluorescence emission. The on-chip droplet features higher stability and easier manipulation. The size of the droplet can be varied by changing the flow conditions. The intensity of the droplet enhanced fluorescence emission is much higher than the intensity of the free space fluorescence, which promises wide applications in biological detection and measurement.
INTRODUCTION
Traditional methods for protein concentration measurement are mostly based on absorption techniques, such as ultraviolet absorption, alkaline copper, bicinchoninic acid, Coomassie blue staining or gold nano-particle labeling [1] . These methods have limitations on detection sensitivity, quantitative accuracy and compatibility with modern protein identification and characterization procedures as compared with the fluorescence based protein detection methods [2] . In on-chip droplet enhanced fluorescence emission, the intensity of fluorescence emission is increased using a spherical cavity [3] . The intensity enhancement has real significance in increasing the sensitivity of measurement. Fluorescence intensity is quantitatively depending on the molar extinction coefficient, the optical path length and the solute concentration, the excitation light intensity and the fluorescence collection efficiency of the system. But for the same sample solution, the molar extinction coefficient and the solute concentration are constants. The adjustable parameters are the optical path length and the fluorescence collection efficiency. They are directly proportional to the fluorescence intensity. In order to increase the optical path length, the excitation light is confined in a spherical cavity (here is a droplet) by total internal reflection. Due to the interfacial tension between two immiscible liquids, the multiphase liquid droplet has ultrahigh smooth interface, which insures low loss. The optical path length can be lengthened by thousand times through resonance. In this paper, a micro-optic-fluidic system is applied to replace the traditional electrophoresis detection method [4] . Optical fibers integrated in the chip for spectrum detection increases the fluorescence collection efficiency because the fibers are close to the droplets [5] . The micro-optic-fluidic chip is suitable for experiments with tiny volume of sample, which reduces the total cost and accelerates the detection time. Compared to the aerosol droplets for detection [6] , the on-chip droplets have higher stability and simpler manipulation.
DESIGN AND ANALYSIS
The micro-optic-fluidic chip consists of two liquid inlets and a waste outlet, a two-inlet t-junction for multiphase plugs generation, an enlarged channel region and two integrated optical fibers as shown in fig. 1 . The plugs are reformed into droplets due to the surface tension, and the length of the plugs determines the diameter of the droplets, which is determined by the flow conditions. For optical measurement, one of the methods is to input the excitation light from the top and use a CCD device to capture the images with a filter. Alternatively, the excitation light is injected by the optical fiber and the emission is collected by another optical fiber and detected by the When an excitation light beam shines on a droplet encapsulated with the dye solution, the droplet emits fluorescence. Once the emission coincides with the resonance of the spherical cavity spectrally, the fluorescence emission is enhanced. Fluorescence emitted from the region near the droplet-oil interface is enhanced due to low order resonant modes of the spherical cavity. Fluorescence emitted from the central core region of the droplet has the same intensity as free-space fluorescence emission [3] as shown in Fig. 2 (a) . Another condition is that the excitation light illuminates on the edge of the droplet and its wavelengths coincide with the resonant modes. Therefore, the excitation light is coupled into the droplet resonator efficiently [7] and confined into the droplet with a long optical path length. Fluorescence emission can be also enhanced by this way, as shown in Fig.  2(b) . The enhanced fluorescence by either way has its own spectral fingerprint. It obeys the Whispering-Gallery modes of the droplets, and the resonant wavelengths λ n (n-order) can be expressed as [8] .
λ n =DNπ/n (1) where n is the mode number, N is the refractive index of droplets and D is the diameter of the droplet. One application of the fluorescent fingerprint of the droplets is to measure the diameter of the droplet. The free spectrum range of the n-order mode of the droplet, T n , is deduced as,
For the protein concentration measurement, the corresponding maximum emission can be chosen as the highest resonant peak. Based on the intensity of this peak and the density of free space emission, the concentration of the protein can be calculated.
EXPERIMENTAL RESULTS AND DISCUSSIONS
The polydimethyl siloxane (PDMS) chip is fabricated using standard soft lithography and bonded with a glass substrate using surface plasma treatment. The optical fibers are inserted into the chip through the channels patterned in the chip for light input and output as shown in Fig. 3 . Metal tips are used to connect to the silicon tubings for liquid input and output.
Two immiscible liquids (immersion oil, RI = 1.451; 95% Glycerin + fluorescein + BSA, RI = 1. 47) are used to form the multiphase plugs. These plugs shrink into droplets at the beginning of the enlarged channel region. The diameter of the droplets is determined by the flow conditions at the inlets. Stable pressure driving micro-fluidic system is applied for precise flow control. Vacuum driven technology is applied at the outlet, which can provide easy manipulation of the droplet and the flow. Argon ion laser is used as the excitation light source and injected from a multimode optical fiber. Another multimode fiber is connected to the spectrometer for spectrum detection. The images are captured by the CCD device under mercury lamp illumination from the top of the chip as shown in Fig.  4 . When the plugs generated at the T-junction is long enough and cannot be reformed into a perfect spherical droplet, the fluorescence emission is same as the free space emission as shown in Fig. 4 (a) . On the other hand, the emission from a perfectly spherical droplet is enhanced as shown in Fig. 4 (b) with higher intensity. Both images are captured under the same exposure time. The droplet is manipulated to be close to the detection fiber to ensure more fluorescence emission can be collected by the detection fiber. Figure 5 shows the intensity profile of Fig. 4 . The intensity of the droplet enhanced fluorescence is 3 times higher than that of the free space fluorescence.
When the argon ion laser input from the optical fiber is used as the excitation light, the fluorescence emission spectrum is shown as Fig. 6 . The dash line shows the emission spectrum of the free space fluorescence which is corresponding to Fig. 4(a) . The intensity of the droplet enhanced fluorescence is 4 times higher than that of the free space fluorescence as shown with the solid line. The intensity of the resonant peaks can be used to measure low concentration protein.
CONCLUSIONS
In summary, a micro-optic-fluidic chip with a droplet enhanced fluorescence emission is demonstrated to measure low protein concentration in buffer solution. The intensity of fluorescence is increased around 4 times. It means that the resolution of the measurement is ONLY a quarter of the resolution of classical fluorescent measurement. On chip technology is applied to minimize the total cost and accelerate the detection time. The chip has potential applications in disease diagnosis, chemical analysis and water quality monitoring. 
